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The spatially confined evanescent microwave photonics have been proved to be highly desirable in broad
practical scenarios ranging from robust information communications to efficient quantum interactions. How-
ever, the feasible applications of these photonics modes are limited due to the lack of fundamental understand-
ings and feasible directional coupling approaches at sub-wavelengths. Here, we experimentally demonstrate the
efficient near-field photonic routing achieved in waveguides composed of two kinds of single-negative meta-
materials. Without mimicking the polarization features, we propose all-electric near-field metasource in sub-
wavelength scale and exemplify its near-field functions like Janus, Huygens and spin sources, corresponding
to time-reversal, parity-time and parity symmetries of its inner degree of freedom. Our work furthers the un-
derstandings about optical near-field symmetry and feasible engineering approaches of directional couplings,
which would pave the way for promising integrated mircrowave photonics devices.
Microwave photonics have been attached a lot of atten-
tions for its applications from classical regions to quantum
aspects [1–5]. The microwave photonics have the millimeter
wavelength for flexible on-chip photonics devices [1] and the
same energy order for artificial atom physics in superconduct-
ing circuits [4, 5] or spin cavitroinics [6, 7]. As result, mi-
crowave photonics have become one of the important bridges
for communicating information and transferring energy, from
the macroscopic signal process devices [1, 8] to the quantum
interactions between two artificial atoms [5]. The miniatur-
ized on-chip microwave photonics requires the efficient rout-
ing and ultrafast switching for microwave inputs in the deep
subwavelength scale [1, 9]. This is an open challenge due to
the lack of understandings about the symmetry and geometry
of near-field microwave photonics.
So far, this subwavelength near-field routing is usually
achieved by using the local polarizations of light: electric
field E and magnetic field H . One well-eatablished way
is exploiting the spin-orbit coupling and quantum spin Hall
effect (QSHE) states of light [10–14]. The particle scatter-
ings of the incident chiral light [10] or the local chiral electric
dipoles [15] will excite the directional surface wave due to
the non-zero transverse spin (∝ Im[E∗ × E + H∗ × H])
and spin-momentum locking [10, 16], smiliar counterparts of
which can be found universally in other wave systems, such as
acoustic [17] and elastic waves [18]. The other way is based
on the relative phase delay combinations of electric and mag-
netic fields [19–21]. The super-positions of geometrically or-
thogonal electric and magnetic dipoles can excite the surface
waves associated with Poynting vectors (∝ Re[E∗×H]) and
reactive power (∝ Im[E∗ × H]) respectively, which result
in different behaviours beyond spin-momentum locking [19–
21]. These approaches provide good understandings about the
near-field photonics routing. It implies that the symmetry of
near-field excitations would be associated with that of sources.
The question will be whether we can achieve the photonics
routing from a deep perspective, such as the symmetry fea-
tures of near-field photonic systems.
In this Letter, we demonstrate that the efficient near-field
microwave photonics routing based on the structured all-
electric metasource in the subwavelength scale. The meta-
source is composed of only the phase-delayed electric source
elements, such as voltage ports or electric dipoles, which will
be placed in the subwavelength area. It is known that the mag-
netic dipole with strong strength (c factor [19] compared with
electric dipole) is usually hard to achieve practically due to
weak interactions between almost optical media and magnetic
fields, and design complexities in broadband magnetic meta-
materials. Different from the schemes based on the polariza-
tion profiles [10, 15, 19–21], the physical mechanism under-
lying our method is the symmetry transformation invariance
between the environments and the inner degree of freedom in
metasources. In our work, three kinds of symmetries: par-
ity (Pˆ : r → −r), time-reversal (Tˆ : t → −t) and parity-
time (Pˆ Tˆ : r → −r, t → −t) symmetry, have been dis-
cussed. We found that the metasource can reproduce effec-
tive Janus source under Tˆ -symmetry, Huygens source under
Pˆ Tˆ -symmetry and spin source under Pˆ -symmetry. We exper-
imentally verify these predicted phenomena based on the 2D
microwave photonic system experimentally.
The surface evanescent wave can possess some special dy-
namic properties, such as supermomentum [23, 24], chiral po-
larized field and transverse spin, as shown in Fig. 1(a). They
are the core essences for the polarization-based schemes [10,
15, 19–21]. Here, we consider one interesting QSHE state
that happens on the interface between two different metama-
terials [22]: epsilon-negative (ENG) and mu-negative (MNG),
which correspond to two types of topological origins and
could be described by the complex Chern number for optical
helicity [25]. For simplicity, we focus on the transverse mag-
netic (TM) QSHE mode. As shown in Fig. 1(b), we consider
the surface wave mode ψ is supported by the photonics system
H and excited by the harmonic oscillated source term ψs with
the frequency ω, which can be represented as the Schro¨dinger
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FIG. 1. The near-field photonic routing of all-electric metasources based on symmetry analysis. a, the dynamic properties of the evanescent
photonic mode. b, the photonics planar waveguide system H composed of the epsilon-negative (ENG, namely ε < 0 and µ > 0) and mu-
negative (MNG, namely ε > 0 and µ < 0) meta-material can support the non-trivial QSHE state. c, the combined system that contains the four
different symmetry parts with respect to the source. e, the metasource is composed of electric sources and its geometrical scale is smaller than
the working wavelength, namely in deep subwavelength. f, the demonstrations of near-field routing behaviours of metasources with different
symmetries. The normalized |Hz| fields are plotted. The height of central MNG is 30cm, the working frequency is 2.7 GHz. d = 1 mm
(d λ). ε = −9.44, µ = 1.00 for ENG, ε = 6.58, µ = −0.35 for MNG. [22]
equation like form:
ωψ = Hψ + ψs. (1)
Its symmetry analysis will be: (1) If we apply the parity trans-
formation Pˆ , the equation will be:
ωPˆψPˆ−1 = PˆHPˆ−1PˆψPˆ−1 + PˆψsPˆ−1, (2)
which reflects a fact that: if the ψs = PˆψsPˆ−1, the source
will excite the ψ in the system H and PˆψPˆ−1 in the sys-
tem PˆHPˆ−1 simultaneously; (2) If we apply the time-reversal
transformation Tˆ :
ωTˆψTˆ−1 = TˆHTˆ−1TˆψTˆ−1 + TˆψsTˆ−1 (3)
which reflects a fact that: if the ψs = TˆψsTˆ−1, the source
will excite the ψ in the system H and TˆψTˆ−1 in the system
TˆHTˆ−1 simultaneously; (3) If we apply the parity-time trans-
formation Pˆ Tˆ :
ωPˆ Tˆψ(Pˆ Tˆ )−1 = Pˆ TˆH(Pˆ Tˆ )−1Pˆ Tˆψ(Pˆ Tˆ )−1
+ Pˆ Tˆψs(Pˆ Tˆ )
−1 (4)
which reflects a fact that: if the ψs = Pˆ Tˆψs(Pˆ Tˆ )−1, the
source will excite the ψ in the system H and Pˆ Tˆψ(Pˆ Tˆ )−1
in the system Pˆ TˆH(Pˆ Tˆ )−1 simultaneously. These analysis
is the core point of this work: the directional routing can be
realized by the symmetry properties ofH but without consid-
ering the polarization details in ψ. Taking these facts together,
we can construct such a system in Fig. 1(c) and there will exist
four modes {ψi} (i = 1..4) corresponding to the four systems
H, TˆHTˆ−1, PˆHPˆ−1 and Pˆ TˆH(Pˆ Tˆ )−1. It’s obvious that
a
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FIG. 2. Magnetic field amplitude angular spectra of metasources in
a homogeneous medium as a function of τ , k and spin sz in the
xOy plane. a, Tˆ -symmetry metasource (Janus source). b, Pˆ Tˆ -
symmetry metasource (Huygens source). c, Pˆ -symmetry metasource
(Spin source). Here, H˜A0 =
ωk0
8pi2cτ
and s0 is the spin angular mo-
mentum when k = τ , s0 = s0ez .
Pˆ (ψ1 + ψ3)Pˆ
−1 = ψ1 + ψ3, Tˆ (ψ1 + ψ2)Tˆ−1 = ψ1 + ψ2,
Pˆ Tˆ (ψ1 + ψ4)(Pˆ Tˆ )
−1 = ψ1 + ψ4.
For achieving a source ψs that satisfies the symmetry con-
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FIG. 3. Microwave transmission lines metamaterial set-up. a, the
photograph of the TLs samples. The sample contains an effective
ENG metamaterial loaded with shunted lumped inductors and an ef-
fective MNG metamaterial loaded with series lumped capacitors. b,
effective parameters of two kinds of meta-materials. DPS means
double positive. c, dispersion relations of guided QSHE modes in
ENG/MNG waveguides. d, the realization of metasource in mi-
crowave photonics TLs system. The voltage ports (Red point) are
fed by the unit amplitude but with different phase delays. The work-
ing frequency is chosen as 2.7 GHz.
ditions, we propose a near-field meta-source composed of
only electric voltage sources {vj}, shown in Fig. 1(e). The
meta-source is of subwavelength scale and constructed by five
voltage sources. Their amplitude and phase can be modu-
lated independently, i.e, 1 means the normalized amplitude,
i means the normalized amplitude with pi/2 phase delay and
0 (not shown) means the zero amplitude or to be turned off.
According to the above symmetry analysis, we can propose
three sources as shown in the insets of Fig. 1(f): (1) Tˆ -
symmetry will lead to the mode pairs excitations {ψ1, ψ2}
or {ψ3, ψ4}; (2)Pˆ Tˆ -symmetry will be responsible for the
mode pairs {ψ1, ψ4} or {ψ2, ψ3}; (3)Pˆ -symmetry case ex-
cites the mode pairs {ψ1, ψ3} or {ψ2, ψ4}. From the sim-
ulations shown in Fig. 1(f), we can see that the same near-
field behaviours as the previously proposed Janus, Huygens
and spin sources [19] are reproduced but without magnetic
dipoles, not relying on the field polarization E and H .
Besides the symmetry analysis, we will give the angular
spectrum descriptions about their near-field behaviour. The
electric source in metasource is the voltage source, which
can be modeled as magnetic current or magnetic frill gen-
erator [26]. Considering the harmonic oscillation magnetic
current M in the frequency ω, an effective magnetic dipole
can be associated with an magnetic current density M =
−iωµδ3(r − r0)m, where m is the dipole moment and δ(r)
is the delta function. This effective magnetic dipole is origi-
nated from the mathematical equivalence of the model trick
but not the real one. The magnetic field induced by mag-
netic dipole array in a homogeneous medium can be written
as HA = k20Πm + ∇(∇ · Πm), k20 = εµω
2
c2 and the mag-
netic Hertz potential Πm can be represented as the Green’s
function form [27, 28]:
Πm =
∑
j
mj
4pi
eik|r−rj |
|r − rj | . (5)
Based on the Weyl’s identity [29], we can obtain the angular
spectrum of HA as:
H˜A(kx, ky) =
iω
8pi2
k0
ky
1
c
×
∑
j
((es ·mj)es + (e±p ·mj)e±p )e−i(kxxj+kyyj)
(6)
where es(kx, ky) and e±p (kx, ky) are the unit polarization vec-
tor for s-polarized and p-polarized fields [27], k2x + k
2
y = k
2
0 .
Here, we consider that 2D photonics case (kz = 0) and the
magnetic current is out of xOy plane, which means that all
effective magnetic dipoles polarized along the z direction,
namely mj = (0, 0, fj)T . The angular spectrum will be rep-
resented as:
H˜A(kx, ky) =
iω
8pi2
k0
ky
1
c
∑
j
fjese
−i(kxxj+kyyj). (7)
where es = kxk0 ez .
Here, we will give the theoretical details in Fig. 1(f) based
on Eq. 7. For Tˆ -symmetry metasource(Janus source), there
are three voltage sources: M = 1V at the center position
(0, 0), M = ∓1V at the position (0, d) and M = ±1V at
the position (0,−d). The evanescent photonics modes can be
represented with the complex wave vector k = (k, iτ, 0). The
angular spectrum for Tˆ -symmetry will be:
H˜A
Tˆ
(k, τ) =
ω
8pi2
k0
τ
1
c
(1± e−τd ∓ eτd)es. (8)
When τd  1, |H˜A
Tˆ
| ∝ |1 ∓ 2τd| , which reflects that the
Tˆ -symmetry meta-source will be strongly associated with the
decay rate τ , as shown in Fig. 2(a). In the same process, the
Pˆ Tˆ -symmetry metasource (Huygens source), it will be:
H˜A
Pˆ Tˆ
(k, τ) =
ω
8pi2
k0
τ
1
c
(1± ie−ikd ∓ ieikd)es (9)
and |H˜A
Pˆ Tˆ
| ∝ |1 ± 2kd| when kd  1, which shows
that the Pˆ Tˆ -symmetry will result in the k-dependent cou-
pling strength, as shown in Fig. 2(b). For Pˆ -symmetry meta-
source(spin source), it will be:
H˜A
Pˆ
(k, τ) =
ω
8pi2
k0
τ
1
c
(e−τd−eτd± ie−ikd∓ ieikd)es (10)
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FIG. 4. Experimental verifications for all-electric metasource based on 2D microwave TL photonics systems. a, Tˆ -symmetry. b, Pˆ Tˆ -
symmetry. c, Pˆ -symmetry. The normalized simulated and the measured normalized |Hz| patterns have been plotted. The settings of the
voltage ports have been shown in the figures.
and |H˜A
Pˆ
| ∝ 2d|τ ± k| when d  λ, which reflects that the
meta-source with Pˆ -symmetry will be strongly locked with
the spin angular momentum sz ∝ τk, as shown in Fig. 2(c).
In the following, we will verify the near-field behaviour of
meta-source experimentally.
In microwave photonics regime, the two-dimensional (2D)
transmission lines (TLs) loaded with lumped circuit elements
will be a convenient and simple platform to realize arbitrary
effective ε and µ and observe optical wave propagations. Un-
til now, many high-performance metamaterials have been con-
structed to achieve the required optical responses in this plat-
form and enable extensive applications, such as cloaking [30],
hyperbolic dispersion [31] and topological photonics [22, 32].
Here, we design a TL system in Fig. 3(a), which achieve the
equivalent photonic system in Fig. 1(c). The effective parame-
ters can be derived according to the TLs effective medium the-
ory, which have been calculated in Fig. 3(b). We can see that
the TL metamaterials will support TM modes in the frequency
range 2.3 ∼ 3.0 GHz as Fig. 3(c). As shown in Fig. 3(d),
the voltage port arrays with spatial distributed amplitude and
phase have been used to induce effective near-field sources.
The simulated and experimental results of these sources are
shown in Fig. 4. The effective Janus source will excite the
mode pairs with Tˆ -symmetry, the Huygens source will in-
duce the branches with Pˆ Tˆ -symmetry and the spin source will
stimulate the branches with Pˆ -symmetry. The experimental
results are in good agreement with the theoretical analysis and
numerical simulations. (More details in Supplementary)
Finally, we discuss the physical reason for the same be-
haviour between our symmetry-based scheme and the polar-
ization proposals in the previous studies [10, 15, 19, 20]. The
main reason is that we share the same symmetry features as
the near field physical quantities: Poynting vector J , reac-
tive power R and spin density s. One can find that: J
satisfies Pˆ Tˆ -symmetry (Pˆ TˆJ (Pˆ Tˆ )−1 = J ), R satisfies
Tˆ -symmetry (TˆRTˆ−1 = R) and s satisfies Pˆ -symmetry
(PˆsPˆ−1 = s). The original Janus, Huygens and spin sources
are strictly associated with these physical quantities and thus
will inherit these symmetry properties naturally. Our scheme
removed the requirement of magnetic dipoles and become ex-
perimentally tractable. For example, in the optical regime,
the meta-source can be realized by the nano-particle arrays or
other scatters in the subwavelength scale.
To summarize, we have proposed the subwavelength all-
electric meta-sources for the near-field microwave photonics
routing based on parity, time-reversal, parity-time symmetry.
According to these symmetry features, we have exemplified
and observed the fertile functions of excitations supported on
MNG/ENG interface based on photonic microwave TL sys-
tem, corresponding to the Janus, Huygens and spin sources.
We have shown alternative approach to design the near-field
photonics sources in additions to the polarization engineering,
which reflects the inner symmetry properties of the near-field
systems. Our work would improve the understanding about
the geometry and topology in near field and inspire new ideas
for controlling photonic evanescent modes, i.e, selective wire-
less energy transfer [33, 34] and future integrated optical de-
vices [35–37].
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